Many injectable drugs require delivery strategies for enhancing their pharmacokinetics due to rapid loss via renal filtration if possess low molecular weight (<60-70 kDa) and/or clearance by the body's components (e.g., proteases, antibodies, high-efficiency receptors) in their native form. FDA-approved polyethylene glycol (PEG) is a vehicle for improving therapeutics, but artificial polymers have potential biocompatibility and immunogenicity liabilities. Here, we utilized a natural vertebrate carbohydrate, heparosan (HEP), the biosynthetic precursor of heparan sulfate and heparin, to enhance performance of a biologic drug. The HEP polysaccharide was stable with a long half-life (~8 days for 99-kDa chain) in the nonhuman primate bloodstream, but was efficiently degraded to very short oligosaccharides when internalized by cells, and then excreted into urine and feces. Several HEP-modified human granulocyte-colony stimulating factor (G-CSF) conjugates were synthesized with defined quasi-monodisperse HEP polysaccharide chains. Single dosing of 55-or 99-kDa HEP-G-CSF in rats increased blood neutrophil levels comparable to PEG-G-CSF conjugates. Repeated dosing of HEP-G-CSF or HEP alone for 2 weeks did not cause HEP-specific toxic effects in rats. HEP did not possess the anticoagulant behavior of its daughter, heparin, based on testing in rats or clinical diagnostic assays with human plasma. Neither anti-HEP IgG nor IgM antibodies were detected in a long-term (9 doses over 7 months) immunogenicity study of the HEPdrug conjugate with rats. These proof-of-concept experiments with HEP-G-CSF indicate that it is a valid drug candidate for neutropenia and suggest the potential of this HEP-based platform as a safe alternative delivery vehicle for other therapeutics.
Introduction
Polypeptides or nucleic acids with therapeutic activity are becoming ever increasingly useful modern medicines, but can have problems due to their short plasma half-life and/or negative interactions with the body's various systems. Covalent modification with a polyethylene glycol (PEG) polymer vehicle, called PEGylation, which provides surface shielding to the drugs and/or reduce its rapid elimination, was one of the early successful attempts to rectify these issues resulting in multiple FDA-approved therapeutics (Pasut and Veronese 2012; Kolate et al. 2014) . For drugs that are cleared by the action of receptors and/or enzymes (e.g., regulatory proteases, nucleases), the polymer chain sterically hinders access to the drug surface allowing persistence in the bloodstream for extended times. Conjugation also prevents smaller drugs from being lost via renal filtration by increasing the hydrodynamic size of the therapeutic (i.e. typically molecules <60-70 kDa are excreted rapidly). However, PEG employed in drug conjugates has potential liabilities including lack of a safe degradation pathway, accumulation in some tissues, emerging immunogenicity, and potential triggering of the complement system (Verhoef et al. 2014; Zhang et al. 2014) . Therefore, PEGylation alternatives have been explored although all have their caveats (Qi and Chilkoti 2015) .
Heparosan (HEP; [-4-N-acetylglucosamine-α1,4-glucuronic acid-β1-] n ) is the initial unsulfated, unepimerized polysaccharide backbone precursor of heparan sulfate (HS) and heparin, two structurally related essential carbohydrates in animals involved in phenomena including proliferation, inflammation, and hemostasis. HEP should be biocompatible in the body because it is an intermediate in the HS/heparin biosynthetic pathway (DeAngelis 2015) . Due to incomplete modification of the sugar chain, stretches of HEP naturally exist in the mature human HS molecules. Certain pathogenic bacteria exploit the "self" nature of this polymer by using an HEP capsule to help evade the immune system during infection (DeAngelis 2002) . The immature HEP precursor does not possess the sulfate groups known to be key in the interactions with the plethora of known HS-or heparin-active proteins, therefore, the HEP chain should not be degraded, bound, or cleared thus have an extended lifetime in extracellular spaces and plasma compared to the mature forms (DeAngelis 2015) . However, the lysosomal degradation pathway will readily break down any glycosaminoglycan including HEP that is internalized by the cell (DeAngelis 2015); in contrast, PEG is poorly metabolized (with some toxic metabolites) and is known to accumulate in the body (Bendele et al. 1998; Rudmann et al. 2013; Zhang et al. 2014) .
We predicted that HEP-drug conjugates would possess larger hydrodynamic sizes and longer plasma half-lives than the free drug plus be more biocompatible and biodegradable than therapeutics with artificial polymers. Unlike most other polysaccharides found in Nature and/or used currently being explored in drug delivery (e.g., polysialic acid, hydroxyethylstarch) (Qi and Chilkoti 2015) , the HEP chain can be produced in a very defined, targeted fashion via chemoenzymatic synthesis. This control of molecular weight (MW) and polymer size distribution, and precise installation of drugcoupling sites should allow better control of pharmacokinetics as well as facilitate drug manufacture and regulatory review.
We employed the enzyme PmHS1, a bacterial HEP synthase, to polymerize the HEP molecule in vitro using the two donor uridinediphospho-sugars, UDP-glucuronic acid (GlcA) and UDP-N-acetylglucosamine (GlcNAc) (Sismey-Ragatz et al. 2007 ). Recombinant PmHS1 elongates short HEP oligosaccharides in a synchronous fashion to synthesize HEP polymers of very narrow size distribution or "quasi-monodisperse." Furthermore, by adjusting the stoichiometric ratio of the oligosaccharide acceptor and donor sugars in a reaction, HEP with any desired chain length between~10 and~800 kDa (~50 to 4000 monosaccharides) can be produced. As a bonus, when this acceptor is chemically modified at the reducing end with certain functional groups (e.g., amine, aldehyde, azide, etc.), all of the resulting HEP polymers also possess these moieties and thus are readily coupled to drug cargo via common conjugation techniques (U.S. Patent # 9, 603, 945) . In contrast, most other polysaccharides are (i) polydisperse in size, (ii) available and/ or useful in a rather limited range of MWs and/or (iii) not completely or uniformly activated for coupling to drug cargo.
Granulocyte-colony stimulating factor (G-CSF) is a hematopoietic growth hormone that regulates proliferation and differentiation of neutrophilic granulocytes and enhances their immunological functions against bacterial infection (Metcalf 1986 ). Filgrastim, a recombinant human G-CSF (Neupogen ® ; Amgen), was FDA-approved to treat chemotherapy-induced neutropenia (abnormally low neutrophil count) in cancer patients, but due to its short half-life in circulation, this drug requires multiple daily injections to achieve the desired boost in white blood cells (WBCs). G-CSF, a small~20 kDa protein, is eliminated from the human body mainly via renal filtration. To overcome this problem, G-CSF was PEGylated with a 20-kDa PEG molecule forming a conjugate with larger hydrodynamic size, Pegfilgrastim (Neulasta ® ; Amgen), which possesses prolonged half-life and thus requires just a single injection for effect (Arvedson et al. 2015) .
Here we report the intrinsic behavior of the HEP polysaccharide in the mammalian body as well as the characterization of efficacy, toxicology, and immune response of HEP-G-CSF conjugates in a rat model.
Results and discussion

HEP pharmacokinetics in nonhuman primates
The in vivo behavior of HEP was tested by subcutaneously injecting Cynologus monkeys with radioactive polysaccharide (99 kDa =~522 monosaccharide units). HEP efficiently transited from the tissue to bloodstream and possessed a long plasma half-life (t 1/2 = 192 h or~8 days; Figure 1A ); in contrast, the tiny 125 I-Bolton-Hunter tag itself would be excreted within minutes without the polymer. The HEP polymer efficiently migrated from the injection site based on (i) comparing the initial dose to the maximum plasma concentration, C max , (0.084 μg/ g) values with respect to the animal's estimated blood volume and (ii) the radioactive mass balance (after 456 h =~2.4 half-lives,~79% of 125 I was excreted versus the 82% predicted mathematically). In addition, in pilot studies with rats with similar 125 I-HEP probes, after a few days, there was no detectable radioactivity at the intramuscular injection site in postmortem measurements (unpublished). Gel electrophoresis showed that the size of the injected HEP in the circulation for days and the starting polymer was equivalent ( Figure 1B ), thus HEP is very stable in the extracellular spaces, lymph, and blood.
If HEP is internalized into cells (pinocytosis, etc.) and transported to lysosomes, it should be degraded by resident glucuronidase and hexosaminidase exoglycosidases, as seen for heparin or hyaluronan (DeAngelis 2015). We observed that the original~522-sugar long 125 I-probe was indeed broken down into very small fragments composed of~1 to 3 sugars ( Figure 1C ) that were efficiently excreted into the urine and feces. In fact, this resulting GlcAmodified residue is structurally akin to the metabolites of the vertebrate glucuronidation pathway used to increase solubility and to facilitate excretion of various drugs, hormones, and pollutants. Another advantage is that the HEP backbone's degradation products, GlcNAc and GlcA, normal monosaccharides in animals, are nontoxic and either recycled or metabolized by cells. Therefore, this HEP-based drug-conjugate configuration is a virtually "zero-residue" system. On the other hand, PEG can yield aldehyde and ketone metabolites as well as accumulate in tissues, even creating vacuoles due to the build-up (Bendele et al. 1998; Rudmann et al. 2013 ).
HEP-G-CSF conjugate synthesis and characterization in vitro and in silico
The 55-kDa and 99-kDa HEP-amine (HEP-NH 2 ) polymers were produced via in vitro polymerization with HEP-amine trisaccharide acceptor (Figure 2A ; Supplementary Fig. 1 ). These sizes, larger than Neulasta's 20-kDa PEG chain, were selected in an effort to more effectively shield the G-CSF surface; the practical upper limit for PEG in injectable drugs is typically~20-40 kDa because larger MW PEG are excreted very slowly with increased propensity to accumulate in the body. The HEP-NH 2 polydispersity (M w /M n ), an indication of size distribution, was 1.005-1.007 ("1" is the value for a perfect ideal monodisperse polymer) by multiangle light scattering analyses (Baggenstoss and Weigel 2006) . These HEP-NH 2 polymers were then converted to HEP-aldehyde and used to conjugate to the protein drug's N-terminus via reductive alkylation in analogy to the PEG-G-CSF drug synthesis (Kinstler et al. 2002) .
The HEP-G-CSF conjugates (shown schematically in Figure 3 ) were characterized by electrophoresis ( Figure 2B ), chromatography, and a cell proliferation assay (Matsuda et al. 1989) ( Supplementary Figs. 2, 4) ; new larger MW species with bioactivity were detected. As a benchmark control and to assess processing of the drug in our hands, a 20-kDa PEG-G-CSF conjugate (same size as the commercial Neulasta) was also prepared in-house ( Supplementary Fig. 3 ).
Heparin lysase III and tryptic peptide mapping of HEP-G-CSF yielded a major species corresponding to the drug's N-terminal peptide "MTPLGPASSLPQSFLLK" with an additional 715.22 Da sugar "stub" (equivalent to the HEP trisaccharide digestion product plus linker post-reductive amination; see Supplementary Figs . 1, 5) indicating that the HEP was indeed attached to the drug as designed. As a negative control, unmodified G-CSF treated and analyzed identically did not yield species corresponding to the stub-peptide mass. It is interesting to note that such mapping experiments to localize polymer attachment sites are not possible with PEG-conjugates as there is no facile, gentle method to remove the artificial polymer from the biologic; this drawback is a current problematic issue for quality control and manufacture in industry.
In order to predict the relative shielding of the G-CSF drug (hydrodynamic radius, r h =~2 nm) conferred by various lengths of the HEP polymer chain, coarse-grained molecular simulations were employed. These models calculate that the r h is~7, 18 or 32 nm for the 20-, 55-or 99-kDa HEP-G-CSF conjugates, respectively (Table I, Supplementary Fig. 6 ). Therefore, it is expected that access of the pharmacophore (binding site) on the drug to the G-CSF receptor would be blocked part of the time due to steric hindrance imparted by the HEP chain, thus allowing longer circulation times and extended pharmacokinetics. In addition, the size of these HEP conjugates should be above the renal filtration threshold thus preventing or slowing excretion into the urine.
The HEP-G-CSF preparations were also tested for endotoxin (derived from Gram-negative bacterial surface molecules present in small amounts in the recombinant PmHS1 enzyme as well as the environment). This potential contaminant has been reported to influence neutrophil levels in mice (Copeland et al. 2005 ;~2-fold perturbation with~10 ng dose) as well as trigger G-CSF production in certain human cells (Tazi et al. 1991 ; alteration from baseline when more than~10 ng/mL). The 55-kDa and 99-kDa HEP conjugates and the PEG-conjugates had <1.7, <6 or <1 endotoxin units/mg (1 EU =~0.2 ng endotoxin per FDA), respectively. Most of the endotoxin originated from the Escherichia coli-derived recombinant G-CSF drug itself as supplied by the vendor. Therefore, these conjugates were suitable for the efficacy studies (described in the next paragraph) as the endotoxin load/dose was roughly >200-fold less than the level needed to stimulate the above potential artifacts as well as far below the recommended rat endotoxin dosing limit of <~90 EU/mg (Malyala & Singh 2008) . The size of starting probe (S) and circulating polymers at different times (hours, h; days, D) were equivalent (marked with arrow); no substantial degradation products accumulate in the blood (absence of signal in the bracketed area). (C) Thin-layer chromatography of urine metabolites of the radioactive HEP probe; the major excreted species migrated as one GlcA monosaccharide attached to the BH probe residue (BH-Hep 1 ) and is marked with a star (Stds, synthetic oligosaccharide standards; two or three sugars attached to BH = BH-Hep 2 or BH-Hep 3 , respectively).
HEP-G-CSF conjugate efficacy testing in rats
The therapeutic effect of 55-kDa and 99-kDa HEP-G-CSF in healthy rats was evaluated using Neulasta ® (commercial 20-kDa PEGylated G-CSF) and in-house prepared 20-kDa PEG-conjugates as benchmarks for dosing and performance (Crobu et al. 2014) . Changes in hematology in all four of the treatment groups were observed (Supplementary Table 1 and Supplementary Fig. 7 ). WBC counts were statistically higher compared to the buffer control for all G-CSF conjugates on Days 2-3 and increases in the absolute neutrophils were observed ( Figure 4 ). HEP-G-CSF is predicted to share the same mechanism as PEG-G-CSF for achieving its therapeutic effects, i.e. by slowing down the receptor-mediated clearance of the protein thus allowing continued stimulation of the bone marrow to produce new WBC. The PEGconjugates stimulated somewhat higher WBC levels in rats than HEP conjugates at early times, but the HEP-G-CSF conjugates had slightly higher or similar levels later (Days 5-6). The PEG-versions, optimized for years in comparison to our new HEP-based system, can actually cause very high WBC proliferation that induces a debilitating bone pain side effect (i.e. too many cells in confined bone marrow space).
The two HEP-G-CSF samples used in this efficacy test were discoverystage preparations that have not been extensively optimized for formulation (including HEP chain size), stability or potency. Additional hypotheses for the small efficacy differences observed between the HEP-and PEG-conjugates include: (i) varying rates of transport through the body (PEG is neutral while HEP is highly negatively charged), and/or (ii) potentially higher HEP-mediated shielding of the G-CSF surface (i.e. less access to the receptor docking site due to greater steric hindrance) as indicated by lower in vitro potencies in the M-NFS-60 cell proliferation assays ( Supplementary Fig. 4) .
In summary, these data demonstrate HEP-G-CSF-mediated stimulation of the growth and differentiation of neutrophils, a pharmaceutical marker reflecting the clinical benefit for neutropenic patients.
Safety testing of HEP and HEP-G-CSF
A repeated dosing toxicological study in rats based on the Neulasta preclinical work (Crobu et al. 2014 ) was performed with 55-kDa HEP-G-CSF, and its two components injected alone, either 55-kDa HEP-amine or G-CSF. Typically Neulasta is dosed once every~2-3 weeks, but here the test articles were tested every other day for 2 weeks at a 5-fold higher dosage than used in treatment. In general, all compounds were well tolerated in comparison to the vehicle control; all rats survived until the scheduled termination. No toxicological response was observed in terms of clinical signs, and changes in body weight or in food consumption. There were no adverse hematology, coagulation, or blood chemistry changes for HEP, HEP-G-CSF conjugate or G-CSF groups. General hematology changes observed in HEP-G-CSF and G-CSF groups were similar between the two groups and were considered to be due to the known pharmacological action of G-CSF and were microscopically correlated with increased hematopoiesis observed in bone marrow, spleen and liver. In regard to histopathology, except for minimal and sporadic individual cell death in liver, granulopoiesis observed in bone marrow and extramedullary hematopoiesis observed in liver and spleen were considered to be due to pharmacologic effects of the G-CSF in these test articles. Vacuoles or inclusion bodies were neither noted in kidneys nor choroid plexus of brain (side effects observed in some PEG treatments; Rudmann et al. 2013 ) in any of the treatment groups.
HEP was also tested in the prothrombin time diagnostic assay with human plasma because we had some initial concerns that the coagulation pathway could potentially be affected by this precursor of HS and heparin. Fortunately, even at a dosage of 15,000-fold Samples from the HEP-G-CSF preparation process were separated on a 4-20% SDS-PAGE gradient gel and Coomassie Blue stained (notes: HEP, a carbohydrate, does not stain here; migration of the conjugate is not simply additive of the HEP and protein MWs due to differences in the components' charge density and shape). Std, Precision Plus ® protein standard; M, free G-CSF protein; R, conjugation reaction; FT, uncoupled protein in column flowthrough; 55H-G, purified 55-kDa HEP-G-CSF conjugate (star). Addition of HEP polymer to G-CSF retards the mobility of the protein during electrophoresis compared to the free protein. The covalently attached HEP sugar chain increases the hydrodynamic radius (r h ) and partially shields the surface of a drug such as a biologic (e.g., polypeptide, aptamer, etc.). In this work, the amino terminus of the G-CSF protein (G; r h 2 nm) was attached via reductive amination to the reducing end of the HEP polymer (chain with black GlcA and gray GlcNAc sugars). In this molecular simulation model of the 55-kDa HEP-G-CSF, the gray sphere at 20 nm radius is roughly coincident with the predicted average r h . The HEP conformation depicted was a simulation snapshot with the average r h .
higher than the therapeutic heparin control, HEP had no inhibitory effect on coagulation, thus alleviating another concern for potential side effects with this drug delivery system.
Immunogenicity testing of HEP-G-CSF in rats
To further evaluate safety, a long-term immunological study of 55-kDa HEP-G-CSF was performed in rats (schedule in Supplementary Fig. 8 ). While antibodies against human G-CSF started to appear as early as in the first postinjection bleed (the rat and the human proteins are nonidentical at the amino acid sequence level and the attachment of a single HEP chain is not expected to completely shield the drug surface from the immune system), no IgM or IgG antibody directed against HEP was detected even after nine injections of HEP-G-CSF over the 7-month span ( Figure 5 ). Both preimmune and immunized sera had comparable signals for the wells with BSA alone, the negative control for assessing assay background, and the wells with HEP-BSA conjugate.
In addition to the HEP chain itself, we also considered issues with the potential immunogenicity of the linker. The predicted in vivo residual sugar-linker-amino acid metabolite (GlcA-alkyl/benzyl-methionine derived from the action of human lysosomal exoglycosidases and protease enzymes) is very small and is expected to be excreted quickly because it structurally mimics a typical glucuronidation metabolic pathway product. Work with polysaccharide-protein antigens used in bacterial capsular vaccines suggested that longer glycans (>~8 repeat units) on the peptide are needed to stimulate high-level antibody production (Avci et al. 2011) ; the predicted HEP-conjugate metabolite is much smaller than this threshold.
Industry has been looking for PEGylation alternatives to address its potential limitations and/or bring additional benefits to drug conjugates. PEG lacks a natural, efficient degradation system and thus has been associated with the accumulation of intracellular vacuoles in animals (Bendele et al. 1998; Rudmann et al. 2013) , which could become a concern for long-term pediatric or genetic disease treatments. PEG has also been reported to induce anti-PEG antibodies (Richter and Akerblom 1984; Veronese 2001; Armstrong et al. 2007; Garay et al. 2012; Hershfield et al. 2014; Ganson et al. 2015) . Studies correlate the existence of preexisting or induced anti-PEG with poor or nonresponsiveness to some PEGylated drugs. A significant percentage (~22-25%) of normal blood donors show evidence of anti-PEG antibodies (Richter and Akerblom 1984) , while this number was only 0.2% about two decades earlier (Hershfield et al. 2014) , suggesting that anti-PEG antibodies may result from exposure of "free" PEG which has been used evermore as excipients or ingredients in cosmetics, toothpaste, laxatives, and other over-the-counter products. Recently, a phase III clinical study testing a PEG-aptamer was halted because one patient died from an anaphylactic reaction. Researchers postulated that high levels of preexisting anti-PEG found in this patient was a major, although not the sole, factor necessary for triggering the "first-exposure" allergic reaction (Ganson et al. 2015) .
Conclusions
HEP is a natural molecule in human body and has a known robust degradation pathway. It is reasonable to predict that HEP is a safe molecule, and indeed, our toxicological and immunological studies did not raise concerns. Therefore, HEP-modified drugs may be able to rescue patients with preexisting PEG antibodies and/or be used for life-long therapies where multiple drug exposures are likely.
Future work will focus on more size-ranging tests (i.e. use different HEP chain lengths) in rats as well as expand to other animal model systems. As the polymer size and hydrodynamic radius is increased, the steric hindrance or shielding effect on the cargo also increases, thus can lead to longer plasma half-lives. However, after a certain polymer size, a plateau of half-life and efficacy is typically observed (unpublished studies). In addition, these larger polymers display more viscosity and can be more difficult to handle during processing or patient administration. Balancing these factors and empirical testing is needed to tune the "sweet spot" of the HEP chain for each therapeutic.
In summary, the combination of the intrinsic behavior of HEP and our synthetic strategy for HEP-based delivery vehicles yields a promising platform (trademarked HEPtune ® ) for upgrading current PEGylated therapeutics as well as boosting performance of emerging drug candidates. In addition, this system is new intellectual property (US Patent # 9,603,945 and others) thus allowing innovative options for lifecycle management and expanding markets.
Methods
Materials
The highest grade chemicals and buffer components were purchased from Sigma-Aldrich, Amresco, or Thermo Fisher unless otherwise indicated. Neulasta ® (Amgen) was purchased from a pharmacy. A series of 800 ns molecular simulations (including a 40 ns equilibration period that was discarded from calculations) were employed to estimate the hydrodynamic radius of a single HEP chain (20-, 55-or 99-kDa) attached to a G-CSF protein. The average number of sugars residing within a sphere with dimensions of the r h is also presented. The HEP chain generates a more substantial barrier around the central drug as the polymer length increases. a Prediction errors estimated from the range of the cumulative moving average r h over the last 200 ns of the respective simulation, where they were appreciable. b Average value rounded to the nearest whole number. 
Preparation of HEP-NH 2 and HEP-aldehyde polysaccharides
First, HEP-amine (HEP-NH 2 ) was polymerized by the action of PmHS1, an HEP synthase enzyme, building onto a modified trisaccharide acceptor, HEP 3 -NH 2 (Supplementary Fig. 1 ). The MW of the polymerization products was controlled by the molar ratio of UDPsugar precursors to acceptor (Sismey-Ragatz et al. 2007 ). Typically, in vitro HEP polymerization reactions contain 0.2-0.5 mg/mL of PmHS1 (Sismey-Ragatz et al. 2007 ), 40 mM UDP-GlcNAc (Roche), 40 mM UDP-GlcA (Sigma or Roche), 50 mM HEPES, pH 7.2, 1-25 mM MnCl 2 and variable amounts of acceptor.
After the reactions were incubated at 30°C for 16-40 h, the polymer was purified by strong anion exchange chromatography (SAX) with a linear NaCl gradient (0.1 to 1 M) on Q Sepharose resin (GE) with monitoring at 215 nm (from carbonyls of GlcA and GlcNAc) and ultrafiltration against water to concentrate and de-salt the target-containing fractions. The amount of polysaccharide was quantitated by the carbazole assay with a glucuronic acid standard (Bitter and Muir 1962) ; typical yields were~85-95% based on UDP-sugar input. The MW was assessed by agarose gel electrophoresis with Stains-all detection (Lee and Cowman 1994) using hyaluronan standards (LoLadder; Hyalose, LLC, Oklahoma City, OK) and multiangle laser light scattering (Baggenstoss and Weigel 2006) (MALLS; service provided by Department of Biochemistry and Molecular Biology of University of Oklahoma Health Sciences Center). The endotoxin level was measured by the Limulus amebocyte lysate (LAL) assay following the manufacturer's protocol (Lonza Pyrogent Gel Clot assay; Basel, Switzerland).
Second, the HEP-NH 2 polysaccharide was converted to HEPaldehyde (HEP-CHO) by reaction with a~40-to 50-fold molar excess of succinimidyl-p-formylbenzoate (Chem-Impex International Inc; Wood Dale, IL) ( Supplementary Fig. 1 ). The latter reagent in dimethylsulfoxide (DMSO) was slowly added into a gently mixing solution of HEP-NH 2 in 100 mM HEPES, pH 7.2 (final DMSO concentratioñ 20-30%). After incubation at room temperature for 2-3 h with gentle stirring, the polymer was precipitated by the addition of NaCl (0.2 M final) and 2.5 volumes of ethanol. After cooling on ice for 0.5 h, polymer was collected by centrifugation and then re-dissolved in water. Traces of the aldehyde reagent were further removed by SAX on Q Sepharose as above. The eluate fractions containing HEP-CHO were alcohol precipitated again and re-dissolved in water, and stored frozen at −80°C. The polymer amount, size and endotoxin levels were measured as above.
Preparation of radioactive 125 I-HEP probe
A portion of the 99-kDa HEP-NH 2 was labeled with BoltonHunter-N-hydroxysuccinimide (BH-NHS; Perkin Elmer NEX 120). The BH-NHS stock in benzene (250 μCi; 2200 Ci/mmol) was dried down in the shipping vial with a gentle stream of air (via a syringe needle in a fume hood with a charcoal filter on the outlet port to capture any potential stray radio-iodine), then re-dissolved in 30 μL dry DMSO before the addition of a solution of HEP-NH 2 (200 μg) in HEPES, pH 8.4 buffer (50 mM final) with vigorous mixing. After 80 min at room temperature, to remove any free BH reagent, 100 μL water was added to the reaction, mixed, and then extracted with an Fig. 5 . HEP-G-CSF long-term immunological study in rats by ELISA. Healthy rats were repeatedly challenged with HEP-GSF (nine injections in~7 months) and several bleeds were collected (see Supplementary Fig. 7 for study design) for testing by ELISA (0.5 or 5 μL sera/well for IgM or IgG, respectively, in anti-HEP tests with 30 min colorimetric development; 1 μL sera/well for IgG in anti-G-CSF tests with 15 min development). Representative data from averaged triplicate wells from the preimmune (white bars) or the third, final (black bars) bleeds are shown. There were no anti-HEP-specific immunoglobulin IgM (top) or IgG (bottom) detected because the signals from wells coated with HEP-BSA (HEP) were not higher than the signal from the negative control BSA-coated wells (BSA). On the other hand, an anti-G-CSF response (G-CSF) was detected in all the three rats (due to the nonidentical sequence of the human protein drug). Overall, this data indicates that HEP itself is not immunogenic.
equal volume of n-butanol followed by centrifugation. The aqueous phase with target BH-HEP probe was removed and the lower phase was back-extracted with water and n-butanol again. The aqueous phases were pooled and then applied to a Sephadex G-50 (PD-10 column; GE) run in 0.2 M ammonium formate (operation performed in fume hood). The void volume fractions with radioactive probe were lyophilized twice from water to remove the volatile buffer salts (note: vial with a charcoal filter lid was employed to trap any volatile radio-iodine), re-dissolved in PBS, and filter-sterilized (0.45 μm) before injection into animals (next section). The final radiochemical specific activity of the probe was~86 Ci/mmol.
HEP pharmacokinetics in nonhuman primates
The in vivo efficacy study was performed by a contract research organization (Xenometrics, LLC, Stilwell, Kansas; protocol approved by IACUC) according to the principles of Good Laboratory Practice (GLP) in an AAALAC-accredited facility. Two young adult male Cynologus macaques (5-8 years old; 5.6-6 kg) were dosed with the 125 I-HEP probe (each 63 μCi in 1 mL;~11 μg/kg) by subcutaneous (SC) injection between the shoulder blades in a shaved area. Samples of blood, urine (from collectors of metabolic cages and cage rinses), and feces were collected periodically over 19 days. Animal health, weight, and food consumption were monitored daily.
Plasma was obtained from whole blood by centrifugation (1811 × g, 10 min at 4°C) and stored frozen. Urine was stored frozen. Feces was homogenized with three parts water by weight to facilitate dispensing and frozen. Portions of the samples were subjected to radioanalysis; plasma radioactivity values were subjected to pharmacokinetic (PK) analysis for determination of simple PK parameters including half-life by the noncompartmental method using WinNonlin Professional ver 5.2 (Pharsight Corp, Mountain View, CA). Radioactivity in blood and plasma were measured in duplicate while urine and feces were in triplicate. The animals showed no evidence of distress or adverse clinical observations and were returned to the colony at the study conclusion after quarantine.
Urine metabolites were analyzed by normal phase thin-layer chromatography on high performance silica plates with a loading zone (Whatman Partisil LHPKDF). Radioactive BH-labeled HEP monosaccharide, disaccharide or trisaccharide standards (containing the same aglycone) were tagged in a similar fashion as the 99-kDa HEP probe, except that the unincorporated probe was removed using n-butanol extraction. After spotting the urine and drying without heat, the plate was prerun with 5:1 n-butanol/acetic acid and dried; this step swept some small salts away from the sample to allow better analyte migration. The plate was then developed with n-butanol/acetic acid/water solvent (1.5:1:1). After the run, the plate was dried and exposed to X-ray film (Biomax MR; Kodak, Rochester, NY) at −80°C with an enhancing screen.
Preparation of HEP-G-CSF conjugates
Reductive amination was employed to couple the HEP-CHO polysaccharide to the amino terminus of the G-CSF ( Supplementary  Fig. 1 ) drug in analogy to the manufacture of Neulasta ® . In general, the reactions contained a 5:1 to 8:1 molar ratio of HEP-CHO reagent and E. coli-derived recombinant human G-CSF (ProSpec; Ness-Ziona, Israel) protein (final~20-35 and 0.9-3 mg/mL, respectively). A solution of G-CSF at 1-5 mg/mL in 100 mM sodium acetate, pH 5.0, was added to a vial containing HEP-CHO solution in the same buffer. The mixture was incubated for~30 min at room temperature with gentle mixing by rolling to allow the initial step of the conjugation, Schiff base formation, to occur. Then sodium cyanoborohydride in water was added to the solution (final 75-100 mM) and the reaction was incubated for~16 h at room temperature with gentle rolling.
After incubation, the reaction mixture was diluted with water to 0.5 mg/mL G-CSF and the solution was loaded onto HiTrap Q Sepharose HP SAX column (GE; prepacked 5 mL column or selfpacked in GE XK column, depending on the scale) preequilibrated with 20 mM sodium acetate, pH 5.0 (buffer A) at a flow rate of 30 cm/h. The column was washed with five column volumes (CVs) of buffer A and the conjugate was eluted with a step gradient to 50% of buffer B (1 M NaCl in buffer A) over 20 CVs. The fractions with absorbance at 280 nm (corresponding to protein) were analyzed by SDS-PAGE and the target conjugate-containing fractions (~0.3-0.45 M NaCl, depending on the MW of the conjugates) were concentrated and exchanged into "G-CSF Storage Buffer" (10 mM sodium acetate, pH 4.0-4.2, 5% sorbitol) with Amicon-15 ultrafiltration spin units (Millipore) with molecular weight cut off (MWCO) of 3 kDa or 10 kDa, depending on the MW of the conjugates. The conjugate solutions were then filter-sterilized through 0.2 μm Costar spin filter units (Corning), aliquoted, and stored at −80°C.
The LAL assay was used to measure endotoxin levels. All conjugate concentrations indicated in this study are based on the concentration of protein (i.e. G-CSF) determined via the Bradford assay (BioRAD; Hercules, CA) with a bovine serum albumin (BSA) standard (Bradford 1976) . HEP-conjugate purity (typically~79-97%) was analyzed by HPLC size exclusion chromatography on a BioSep-SEC-S 2000 column (Phenomenex; Torrance, CA) eluted with phosphatebuffered saline using detection at 280 nm; no free G-CSF was detected. Overall conjugate yields (based on the starting protein) werẽ 27% for the 55-kDa HEP or~7% for the 99-kDa conjugates.
Preparation of PEG-G-CSF
The modification of G-CSF with 20-kDa mPEG-butyraldehyde (Laysan Bio Inc., Arab, AL) was done in a similar fashion as for HEP-G-CSF except that the purification employed cation exchange chromatography rather than SAX. The conjugation reaction mixture was diluted with 20 mM Na acetate, pH 4.0, (buffer C) so the final concentration of G-CSF was no more than 0.5 mg/mL and the pH was adjusted to about 4.0 with 100 mM HCl. The solution was loaded onto HiTrap SP Sepharose HP column (GE) preequilibrated with buffer C at a flow rate of~150 cm/h. The column was washed with 5 CVs of buffer C and the PEG-G-CSF conjugate was eluted with a step gradient of 10%, 15%, 20%, 25%, 35% and 50% of Buffer D (1 M NaCl in buffer C). The fractions having an absorbance at 280 nm were analyzed by SDS-PAGE and the conjugate eluate (~0.15 M NaCl) was concentrated and exchanged into G-CSF Storage Buffer in Amicon-15 spin units with 3 kDa MWCO. The conjugate solution was then sterile filtered through 0.2 μm Costar spin filter units, aliquoted, and stored at −80°C. The yield (~20% based on starting protein) and purity (~60%; no free G-CSF was detected) were estimated as for HEP-G-CSF.
Gel electrophoresis of conjugates
SDS-PAGE of intact conjugates was performed using premade 4-20% TGX gradient gels (BioRAD) and samples were diluted with reducing buffer. The gels were run in Tris/Glycine/SDS buffer (BioRAD) at 100 V and were stained with Coomassie Blue. The HEP-and PEG-drug conjugates both ran with slower migration as expected for molecules with a higher MW than the parental drug. In addition, the relative staining intensity is also reduced in both cases upon polymer attachment.
Agarose gel electrophoresis with Stains-All detection (Lee and Cowman 1994) was employed to confirm that a single HEP chain was attached to the G-CSF protein. In this mode of electrophoresis, the addition of a small protein (especially the~20 kDa globular drug used here) does not significantly affect the mobility of the long polysaccharide (as noted in Jing et al. 2006 ). The starting HEP-CHO polymers and the HEP-G-CSF conjugate products tested in this work displayed roughly equivalent mobility in this gel system (not shown).
Peptide mapping of HEP chain location on G-CSF conjugate by liquid chromatography-mass spectrometry
The location of the HEP chain on the protein was determined by digesting the sugar chain to a short 3-sugar "stub" using an HEPspecific bacterial glycosidase, fragmenting the protein by protease digestion, and identifying the modified peptide by mass spectroscopy ( Supplementary Fig. 1, structure "D") . The HEP-G-CSF preparations (5 μg of protein) were treated with heparin lyase III (gift from Dr. Robert Linhardt, RPI) in 20 mM Tris, pH 7.2, overnight at 30°C. A parallel sample of unmodified G-CSF was treated identically. The mixtures were run on a 15% SDS-PAGE gel, stained with Coomassie Blue, destained (5:5:90 acetic acid/methanol/water), and the relevant protein bands excised from the gel for analysis by the University of Oklahoma Health Sciences Laboratory for Molecular Biology and Cytometry Research.
The gel pieces were fully destained with 25 mM ammonium bicarbonate in 50% acetonitrile, reduced with 55 mM Tris[2-carboxyethyl] phosphine in 25 mM ammonium bicarbonate, alkylated with 100 mM iodoacetamide in 25 mM ammonium bicarbonate, dried, and then digested with 100 ng trypsin in 25 mM ammonium bicarbonate at 37°C overnight. The digest solutions were collected, dried, and then reconstituted in 10 mM ammonium formate, pH 10.0.
Liquid chromatography tandem mass spectrometry was performed by coupling a nanoAcquity ultraperformance liquid chromatograph (UPLC) (Waters Corp., Manchester, UK) to a Q-TOF SYNAPT G2S instrument (Waters). Each protein digest (~100 ng of peptide) was delivered to a trap column (300 μm × 50 mm nanoAcquity UPLC NanoEase Column, 5 μm BEH C18; Waters) at a flow rate of 2 μL/ min in 99.9% solvent A (A = 10 mM ammonium formate, pH 10, in HPLC grade water). After 3 min of loading and washing, peptides were transferred to another trap column (180 μm × 20 mm nanoAcquity UPLC 2G-V/MTrap, 5 μm Symmetry C18; Waters) using a gradient from 1-60% solvent B (B = 100% acetonitrile).
The peptides were then eluted and separated on an analytical column (7.5 μm × 150 mm nanoAcquity UPLC, 1.8 μm HSST3, Waters) equilibrated in 99% buffer C (C = 0.1% formic acid in water)/1% buffer D (D = 0.1% formic acid in acetonitrile) at a flow rate of 200 nL/min using a gradient from 1-40% buffer D for 60 min. The eluent was sprayed via PicoTip Emitters (Waters; spray voltage, 3.0 kV; sampling cone voltage, 30 V; source offset, 60 V; source temperature 70°C; cone gas flow, off; nano flow gas pressure, 0.3 bar; purge gas flow, 750 mL/h). The SYNAPT G2S instrument was operated in data-independent mode with ion mobility (HDMS e ). Full scan MS and MS2 spectra (m/z 50-2000) were acquired in resolution mode (20,000 resolution full width at half maximum at m/z 400). Tandem mass spectra were generated in the trapping region of the ion mobility cell by using a collisional energy ramp from 20 V (low mass, start/end) to 35 V (high mass, start/end). A variable ion mobility spectrometry wave velocity was used (ramped from 300 m/s to 600 m/s (start to end) over the full cycle).
A manual release time of 500 μs was set for the mobility trapping and a trap height of 15 V with an extract height of 0 V. The pusher/ ion mobility synchronization for the HDMS e method was performed using MassLynx V4.1 and DriftScope v2.4. LockSpray of Glufibrinopeptide-B (m/z 785.8427) was acquired every 60 s and lock mass correction was applied post acquisition. Raw MS data were processed by the ProteinLynx Global Server (Waters) for peptide and protein identification. MS/MS spectra were searched against a FASTA file containing CSF3_HUMAN and common contaminants of interest with the following search parameters: full tryptic specificity (up to two missed cleavage sites), carbamidomethylation of cysteine residues were set as fixed modifications, and N-terminal protein acetylation, methionine oxidation, and the Hep3-linker stub modification (+715.2216 Da) as variable modifications.
M-NFS-60 cell proliferation assay for G-CSF activity
The in vitro assay was performed as described previously (Cox et al. 2004 ) except a different live cell counting stain method was employed. In brief, murine M-NFS-60 cells (ATCC # CRL-1838; Manassas, VA) were plated at 5-10 × 10 3 cells/well in RPMI-1640 (Gibco) with 10% fetal bovine serum (Atlanta Biologicals) after a thorough wash with PBS. The cells were treated with either: media alone, 30 ng/mL M-CSF, or PEG-/HEP-G-CSF in serial dilutions ranging from 50 ag/mL to 50 ng/mL at 37°C, 5% CO 2 for 3-4 days. Each concentration was tested in triplicate wells. CellTiter 96 ® AQ ueous One solution (Promega) was added and incubated for 3 h according to the manufacturer's instructions. Absorbance was measured at 490 nm and triplicate data averaged. The effective concentration for 50% growth stimulation (EC 50 ) was measured as the midpoint between the average background absorbance (no G-CSF control) and the average maximal signal (peak of the titrations).
Theoretical modeling of HEP-G-CSF conjugates in silico
Computer simulations investigated the relationship between HEP chain size and the conjugate hydrodynamic size as in the accompanying paper (Lane et al. 2017) . Briefly, coarse-grained representations of a single 20-, 55-or 99-kDa HEP polymer chain (defined as 106, 290 or 522 monosaccharide units, respectively) anchored onto an impenetrable sphere with the dimensions of the G-CSF molecule (2 nm radius, based on structural dataset 1GNC in the Protein Data Bank; www.rcsb.org) and simulated for 840 ns; the assemblies were allowed to equilibrate for the first 40 ns and this data was discarded (i.e. not used in any subsequent analyses). Molecular configurations were output every 25 ps and appended to the coordinates of 1GNC, which was moved and orientated such that: (i) it was completely within the modeled impenetrable sphere and (ii) its N-terminus was adjacent the chain anchor. These coordinates were used to calculate the radius of gyration of the conjugated system as a function of simulated time. It was assumed that the combined system behaved as a flexible linear chain and thus the hydrodynamic radius (r h ) is approximately 1.5 times the calculated radius of gyration (Konishi et al. 1991) , allowing it to be estimated. The predicted hydrodynamic radii were averaged over the latter 800 ns of simulated time for each HEP polymer conjugate (Table I , Supplementary Fig. 6 ).
To assess the proportion of the HEP chain within the conjugate's hydrodynamic radius (i.e. the more shielded volume around the drug) at each time point in the respective simulations, the combined HEP-G-CSF molecule was moved such that the origin was placed at the protein component's center of mass. Counting from the reducing end attachment site, each monosaccharide residue was sequentially tested to see if it was wholly contained within the precalculated r h 
